OBJECTIVE: Cardiorespiratory fitness is currently estimated by dividing maximal oxygen consumption (VO 2max ) by body weight (per-weight standard). However, the statistically correct way to neutralize the effect of weight on VO 2max in a given population is adjustment for body weight by regression techniques (adjusted standard). Our objective is to quantify the bias introduced by the per-weight standard in a population distributed across different categories of body mass. DESIGN: This is a cross-sectional study. ) aged 57--78 years who performed oral glucose tolerance tests and maximal exercise stress tests with direct measurement of VO 2max . We compare the increase in VO 2max implied by the per-weight standard with the real increase of VO 2max per kg body weight. A linear logistic regression model estimates odds for abnormal glucose metabolism (either impaired fasting glycemia or impaired glucose tolerance or Type 2 diabetes) of the least-fit versus most-fit quartile according to both per-weight standard and adjusted standard. RESULTS: The per-weight standard implies an increase of VO 2max with 20.9 ml min À1 in women and 26.4 ml min À1 in men per additional kg body weight. The true increase per kg is only 7.0 ml min À1 (95% confidence interval: 5.3--8.8) and 8.0 ml min
INTRODUCTION
The original domain of measuring maximal oxygen uptake (VO 2max ) was comparing fitness between athletes. 1 More recently, low VO 2max was found to be an independent marker of cardiovascular and metabolic risk in the general population. 2, 3 Comparisons of cardiorespiratory fitness can be based on group-means of VO 2max (mean standard) or by adjusting VO 2max for body weight (adjusted standard). However, dividing groups' mean VO 2max by mean body weight (per-weight standard) is the most commonly used reference standard in research, 4 and is used in the current clinical guidelines. 5 Problems arising from the use of a fixed ratio as standard were described as early as 1949 by Tanner in his classical paper 'Fallacy of Per-Weight and Per-Surface Area Standards, and Their Relation to Spurious Correlation': 6 Unless the regression line, representing the true association between two variables in a population, passes through the origin the per-weight standard introduces a bias. Later, these principles were applied to fitness and body size, claiming that the per-weight standard systematically underestimates fitness in heavy individuals. 7, 8 This has been shown for athletes. 9, 10 Whether the per-weight standard is a better estimate of the association between body mass and VO 2max in today's increasingly obese populations is unknown.
The aim of the present study is to describe the association between body weight and VO 2max in a population-based sample of middle aged and elderly men and women. Furthermore, we intend to quantify any bias introduced by the per-weight standard into models of fitness and morbidity. To demonstrate confounding by obesity we choose a common comorbidity of obesity as outcome: abnormal glucose metabolism (AGM) defined as either impaired fasting glycaemia or impaired glucose tolerance, or Type 2 diabetes.
PATIENTS AND METHODS
We use baseline data of the Dose-Responses to Exercise Training Study (DR's EXTRA), which is an ongoing 4-year randomized controlled trial on the health effects of regular physical exercise and diet; a detailed description and flow chart have been published, elsewhere. 11 Briefly, an age-stratified sample of 1500 men and 1500 women aged 55 --74 years was randomly selected from the population register of the city of Kuopio, a municipality of 93 000 inhabitants in Eastern Finland. In total, 1410 individuals completed baseline examinations in 2005 --2006. After further exclusions (three Type 1 diabetes, 134 incomplete data on VO 2max or glucose metabolism), we arrived at the present study population of 1273 individuals (635 men and 638 women) aged 57 --79 years. (Supplementary Figure 1) . The study protocol was approved by the Ethics Committee of the University of Kuopio. All participants gave written informed consent.
Assessment of cardiorespiratory fitness
Cardiorespiratory fitness is assessed during a symptom-limited maximal exercise stress test to exhaustion on an electrically braked cycle ergometer (Ergoline, Bitz, Germany). The tests are supervised by physicians according to a standardized test protocol with a warmup of 3 min at 20 W and a 20-W increase of workload per minute. Participants are verbally encouraged to maximal exertion. Oxygen consumption is measured directly by the breath-by-breath method using the respiratory gas analyzer (Sensor Medics, Yorba Linda, CA, USA). VO 2max is defined as the mean of the three highest values of the averaged oxygen consumption measured consecutively over 20-s intervals. A total of 98% of the subjects achieved the respiratory exchange ratio of X1.1. Fitness is estimated based on the difference between actually measured and expected normal VO 2max for men and women separately. Graphically, this corresponds to the vertical distance of observed VO 2max to lines (i), (ii) and (iii) in Figures 1 and 2 . Quartiles of actually measured VO 2max as percentage of expected normal VO 2max are our quartiles of fitness.
Other assessments
The resulting quartiles are inserted into a logistic regression with AGM as the outcome. We performed conditional logistic regression analysis stratified for gender and adjusted for 5-year age groups. For additional adjustment we used body mass index (BMI) as a continuous variable. The proportion of excess risk explained by BMI is estimated according to the equation given by Brotman: 12 1À(ln OR A /ln OR U ), where OR A is the odds ratio for abnormal glucose regulation conferred by low fitness after adjusting for BMI and OR U is the unadjusted odds ratio. All reported P-values are two-sided. We use the Statistical Analysis System (SAS for Windows, version 9.2, SAS Institute, Cary, NC, USA) for all statistical evaluations.
RESULTS
Characteristics of subjects according to gender and BMI category are shown in Table 1 . Mean VO 2max per kg body weight decreases markedly with increasing BMI, whereas there is a slight increase in the absolute values. There is a marked increase in the proportion of subjects with abnormal glucose metabolism with increasing BMI.
Associations between VO 2max and body weight for women and men are shown in Figures 1 and 2 . The per-weight standard implies an increase of VO 2max with 21 ml min À1 in women and 26.5 ml min À1 in men per additional kg body weight. The true increase per kg is only 7.0 (95% confidence interval: 5.3 --8.8) and 8.0 (95% confidence interval: 5.3 --10.7) ml min À1 , respectively, (adjusted standard).
Residual analysis (lower panels) shows that the per-weight standard is weight-neutral only in a narrow band of weight and BMI. Mean residuals are positive in light individuals and negative in heavier subjects. Average residuals for the weight-adjusted standard of fitness are close to 0 across most of the range of weight and body mass.
Distribution of Body mass categories within quartiles of fitness and fitness-associated odds for AGM are shown in Table 2 . According to the per-weight standard, the quartile with lowest fitness contains 46% obese individuals compared with 28% for the adjusted and 21% for the mean standard. The quartile with highest fitness according to the per-weight standard has only 1% obese subjects compared with 18% for the adjusted and 30% for the mean standard. On the basis of these quartiles, odds for AGM are highest for the least fit according to the per-weight standard and lower for those classified as least fit according to the adjusted and mean standards. Additional adjustment for BMI eliminates these differences.
DISCUSSION
In this population-based sample of 635 men and 638 women, the group mean of dividing VO 2max by total body weight (per-weight standard) does not result in a body-mass independent standard of cardiorespiratory fitness. The actual change in VO 2max per kg body weight is much lower than that implied by the per-weight standard. For example, for equal fitness according to the perweight standard, the weight difference between a man weighing 100 kg and one weighing 70 kg would have to be compensated by a 800 ml min À1 higher VO 2max in the former. The actual average difference is only 240 ml min À1 . As body weight deviates from group mean, the gap between expected and actual fitness increases. In lighter individuals positive mean residuals indicate systematic overestimation of fitness. Conversely, in heavier individuals, residuals are negative, indicating a systematic underestimation of fitness. Thus, categories of fitness based on the perweight standard are confounded by body mass.
If lack of fitness, according to the per-weight standard, is studied as risk factor for comorbidities of obesity the resulting associations are partly spurious. Confounding by obesity causes some of the risk attributed to lack of fitness. This is the phenomenon described in 1949 by Tanner. 6 In our population, use of the per-weight standard inflates the risk for AGM by 52%. In other studies investigating the association between poor fitness, according to the per-weight standard and adverse metabolic outcomes (diabetes, metabolic syndrome) confounding by body mass, explains between 25 and 50% of the observed risk. 13 --16 Thus, use of the per-weight standard markedly inflates the associations between poor fitness and comorbidities of obesity.
But is it correct to regard VO 2max adjusted for body weight as a 'true' standard of cardiorespiratory fitness? It has been claimed that adjusting for body weight may eliminate a possible mediator between poor fitness and health outcomes. 17 Body weight is determined by both energy intake and energy expenditure. Thus, claiming fitness as a causative factor of body weight would require prior adjustment for energy intake. Moreover, there is evidence that cardiorespiratory fitness and habitual physical activity are separate entities with separate effects on metabolic outcomes. 18, 19 Consequently, energy expenditure should be attributed to habitual physical activity rather than to cardiorespiratory fitness at a given point of time. Therefore, we regard body weight as a potential confounder of cardiorespiratory fitness rather than a mediator of its health effects.
Given the shortcomings of the per-weight standard and the need of a reference population for the adjusted standard, other ways to account for body size have been explored. A ratio based on fat-free mass compares favorably with the per-weight standard in adolescents. 20 Fat mass has been shown not to influence the maximal aerobic capacity. 21 Estimating fitness, independent from obesity, has been shown to improve the accuracy of fitness as a predictor of cardiac function. 22 Further studies are necessary to show whether dividing VO 2max by fat-free mass, rather than by total body mass, can avoid the bias against obese individuals that is illustrated in our results. To our knowledge, this is the largest population-based sample with objectively measured VO 2max and glucose tolerance in the literature. Direct measurement of oxygen consumption during an incremental exercise stress test is the most accurate method to determine VO 2max . 23, 24 The use of a non-weightbearing form of exercise should minimize the risk for confounding by body weight. We use an electrically braked cycle ergometer, the preferred device for exercise testing in clinical practice. It permits accurate quantification of workload and monitoring of cardiac function with a minimum of movement artefacts. Relating VO 2max to muscle mass, lean mass and fat mass separately would have added another dimension to our study but we have no measure of body composition.
Our results indicate that categories of fitness based on the per-weight standard are confounded by body mass. Use of the per-weight standard markedly inflates the associations between poor fitness and comorbidities of obesity. Proportion of excess risk compared to Adjusted standard according to Brotman: 12 1À(ln odds ratio A /ln odds ratioU) where odds ratio A is the odds ratio for abnormal glucose regulation conferred by low cardiorespiratory fitness adjusted for body weight (adjusted standard), and odds ratio U are the weight-indexed and weight ignored standards, respectively. 
